
[L LE COPY 4
SGI-R-90-143

AD- A228 258
ESTIMATION OF EXPLOSION MOMENTS
AT MURUROA AND TECTONIC RELEASE
ORIENTATIONS AT NOVAYA ZEMLYA

I
W.C. TUCKER
G.R. MELLMAN
M. HENRY

I
SIERRA GEOPHYSICS, INC.
11255 KIRKLAND WAY
KIRKLAND, WASHINGTON 98033I

DTICI MAY 1990 ELECTEI - °OCT3°.".

- FINAL REPORTA_
JULY 1988 -JULY 1989 L

SPONSORED BY DEFENSE ADVANCED RESEARCH PROJECT AGENCY (DoD)
1400 WILSON BOULEVARD
ARLINGTON, VIRGINIA 22209
ARPA ORDER NO. 4511, AMENDMENT 13

MONITORED BY AIR FORCE TECHNICAL APPLICAT!ONS CENTER/TTR
HEADQUARTERS UNITED STATES AIR FORCE
PATRICK AIR FORCE BASE, FLORIDA 32925

I jj~~iTIOwrAMY
, bA i Ubw'T IC)C



I --

I1
UI
I
I
I

The views and conclusions contained in this document are those of the authors and should noti

be interpreted as necessarily representing the official policies, either expressed or implied, of
the Advanced Research Projects Agency, the Air Force Office of Scientific Research, or the
United States Government.i

I

I
I
I
I
I
I
I
I



I UNCLASSIFIED
SECURITY CLASSIFICATION OF THIS PAGE ________________________________

REPORT DOCUMIENTA! ION PAGE
Ia& REPORT SECURITY CLASS; F1 .1TIOTl 1b. flESTRICTIVE MAREC INGS

2SEUIYCLASSIFICATION AUTHORITY 3. OISTRIBUTICON/AVAILABILITY OF REPORT

DD)254 dated 23 September 1986
2b. OE CLASSI FICATI ON/DOWNG RAODING SCHEDULE UnlimitedI OADR______________________ __

4. PERFOIIMING ORGANIZATION REPORT NU..BE.- 5 . MONITORING ORGANIZATION REPORT NUMBER(S)

SGI-R-90-143
6.& NAME OF .'ERFORMING ORGANIZATION b. OFFICE SYMBOL 7&. NAME OF MONITORING ORGANIZATIONU (I, applicable)

Sierra Geophysics, Inc. 4R088 Air Force Technical Applications Ctr/TTR

6l c. AD DRESS (City. State and ZIP Code) 7b. ADDRESS (City. State and ZIP Code)

* 11255 Kirkland WVay Headquarters United States Air Force

Kirkland, WA 98033 Patrick Air Force Base, FL 32925

8.. NME OF FUNDING/SPOtiSORING 8ab. OFFICE SYMBOL 9. PROCUREMENT INSTRUMENT IDENTIFICATION NUMBERI ORGANIZATION ZIPCoe) M 0 1DiRF OS ______

Defense Advanced Research (If applicable)1

ADD RESS (City. State and ZIPCod)_10._OURCEFFUNDNGNOS

1400 Wilson Boulevard PROGRAM PROJECT TASK WORKC UNIT

Arlington, VA 22209 ELEMENT NO. NO. NO. NO.

11. TITLE (include Secun ttj Caa2ificationj DT7 122
See Section 16L

12. PERSONAL AUTHOR(S)
* W.C. Tucker, G.R. Meliman, M. Henry

W 13. TME 14.DAT OFREPOT (r..Mo. Da) I AGE COUNT
13&. TYPE OF REPORT FRO TME COVERED 14.D990F EPR MAYr.. 87:Final FRMJul. '88 TO Jul0 '898

*16. SUPPLEMENTARY NOTATION

UEstimation of Explosion Moments at Mururoa and Tectonic Release Orientations at Novaya
Zemlya__ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _I 17. COSATI CODES 18. SUBJECT TERMS (Continue on reverse it necessary and identify b-i block nunsberl

FIELD GRIOUP SUB. GR. Mururoa Explosions Moment Tensor
8 11 Novaya Zemlya Tectonic Release Yield

1.ASTRACT (Continue on mrevr If necessary and Identify by block number)

W~-a-p11e'~aleast-squares moment tensor inversion technqet 10 presumed nuclear explosions
from the French Polynesian test site at Mururoa. Our results indicate that tectonic release

* typically is quite low (with F/I's ranging from .09 to .46) and makes little contribution to event
* moment. Assuming an oblique thrust orientation for the tectonic release mechanism, w-if-tha'f_

the 0rb, between Mururoa and NTS is roughly .2 to .25 magnitude units. Finally, wo-cGmpared-
* yie)d estimates generated from three different magnitude-yield relations and found vhat-the-wer

re~sonably close to one auother and to the one known yield value.

We.4et-t ea search techniqueto jointly invert multiple types of data for six Northern Novaya
* Zemlya presumed nuclear explosions te) find the average tectonic release orientation (strike, slip,
* and dip). P waveform, SH polarity, and surface wave data were used in the inversion, but SV

amplitude data had too much scatter to be included. triuta klas----~-

insufficient to distinguish between a thrust and an oblique normal ori&ntation. \Ve-Asug es.-tafan

20L DISTRIBUTION/AVAILABILITY OF ABSTRACT 21. ABSTRACT SECURITY CLASSIFICATION

I UNCLAS.SIFIEO/UNLIMITED 0 SAME AS RPT. qOTIC US FRS Unclassif ied
22&. NAME OF RESPONSI3LE INDIVIDUAL 22b. TELEPHONE NUMBER 22c. OFFICE SYMBOL

(Include Area Code)

Dr. Nazieh Yacoub (407) 494-5263 AFTAC/TTR
OD FORM 1473, 83 APR EDITION OF I JAN 73 IS OBSOLETE. U NCLASSIFIED

SECURITY CLASS2ICATION OF THIS PAGE



UNCLASSIFIED
SECURITY CLASSIFICATION OF THIS PAGE

I improved distribution of stations recording SH polarities, more accurate SV data, and/or geologic
knowledge of the source region could provide enough additional information to determine the
orientation. The presence of multiple, substantially different orientations that fit waveform,
surface wave, and polarity data suggests that more effort needs to be made to systematicaily
search the model space for alternative solutions in studies involving both isotropic and double
couple sources.

Accession For

NTIS GRA&I
DTIC TAB [01
Unannounced 0-
Just ification

Dis~tribution/

Availability Codes

I Avilan-o

i UNCLASSIFIED
: ii.SECURITY CLASSIFICATION OF THIS PAGE



TABLE OF CONTENTS

PAGE

LIST OF FIGURES iv

LIST OF TABLES vii

1.0 ABSTRACT 1

2.0 INTRODUCTION 2

3.0 SURFACE WAVE MOMENT DETERMINATIONS FOR THE 3
MURUROA TEST SITE

3.1 INTRODUCTION 3

3.2 MURUROA DATA 6

3.3 STATION CORRECTION AND SOURCE I I
PARAMETER RESULTS

3.4 YIELD ESTIMATES 27

3.5 CONCLUSIONS 33

4.0 JOINT INVERSION OF SURFACE WAVE AND BODY 37
WAVE DATA

4.1 INTRODUCTION 37

4.2 DATA 38

4.2.1 SURFA( .E, WAVES 38

4.2.2 SH POLARITY 38

4.2.3 RELATIVE P AMPLITUDES 40

4.2.4 SV WAVES 40

4.2.4.1 SV/P RATIO 41

4.2.4.2 STATION CORRECTIONS 45

4.2.4.3 STATISTICAL FIT CRITERION 49

4.3 JOINT INVERSION RESULTS 52

4.4 .. .. ... s"

5.0 REFERENCES 73

I111.



LIST OF FIGURES

PAGE

FIGURE 1 Azimuthal map showing the location of the Mururoa 4
test site and the great circle paths from it to the
7 SRO stations used in this study.

FIGURE 2 Long period vertical seismograms from stations ANMO, 7
MAJO, and TATO showing the effects of interference.

3 FIGURE 3 Rayleigh wave data for station ANMO for event 9
7/19/80.

I FIGURE 4 Transverse seismogram for station ANMO f' r event 10
7/19/80.

I FIGURE 5 Log station correction values for Rayleigh waves 14
plotted as a function of azimuth.

FIGURE 6a Radiation pattern plots for the Mururoa event of 16
7/25/79.

FIGURE 6b Same as Figure 6a except for event 3/23/80. 17

I FIGURE 6c Same as Figure 6a except Cor event 6/16/80. 18

3 FIGURE 6d Same as Figure 6a except for event 7/19/80. 19

FIGURE 6e Same as Figure 6a excert for event 12/3/80. 20

FIGURE 6f Same as Figure 6a except for event 4/19/83. 21

FIGURE 6g Same as Figure 6a except for event 5/25/83. 22

FIGURE 6h Same as Figure 6a except for event 5/12/84. 23

T:VU- 10 VUR AC: C - -iur 6A excep font 11I /2/RdA 24

FIGURE 6j Same as Figure 6a except for event 12/6/84. 25

I iv.

I



LIST OF FIGURES
(Continued)

PAGE

FIGURE 7 Offset (.91og(MT)-mh) vs F# at Mururoa assuming 26
four different fectonic release orientations.

FIGURE 8 log(Mi) vs mb for Mururoa events. 29

FIGURE 9 Normalized offset (.9log(Ml)-mh) as a function of 30
period for Mururoa events.

FIGURE 10 Average offset as a function of period for various 31
test sites.

FIGURE 1 Ia Original body wave amplitudes for five Novaya 42

Zemlya events plotted in polar coordinates.

FIGURE 1 Ib Same as Figure 1 Ia except plotted in rectangular 43
coordinates.

FIGURE 12 SV to P amplitude ratios for five Novaya Zemlya 44
events plotted in both polar and rectangular
coordinates.

FIGURE 13 Log station corrections plotted as a function of 46
azimuth.

FIGURE 14a Body wave amplitudes with station corrections 47
applied for five Novaya Zemlya events plotted in
polar coordinates.

FIGURE 14b Same as Figure 14a except plotted in rectangular 48
coordinates.

FIGURE 15 Various fits to the SV amplitudes of event 9/12/73. 51

FIGURE 16a Joint SH and surface wave inversion of NNZ event 53
017 L 9/ 1 .A.1 I P & aus, 5s*S *stoa sWW. u-. n

F* = .25.

FIGURE 16b Same as Figure 16a except with 1# = .35. 54

V.



I

LIST OF FIGURES
(Continued)I

PAGE

U FIGURE 16c Same as Figure 16a except with F# = .45. 55

I FIGURE 16d Same as Figure 16a except with F# = .55. 56

FIGURE 16e Same as Figure 16a except with F# = .65. 57I
FIGURE 16f Same as Figure 16a except with F# = .75. 58

I FIGURE 17a Joint SH and surface wave inversion of NNZ 60
event of 9/12/73. 0 allowable SH

i inconsistencies with F# = .25.

FIGURE 17b Sam, as Figure 17a except with F# = .30. 61

FIGURE 18a Joint P wave, SH polarity, and surface wave 62
inversion of NNZ event of 9/12/73. 2 allowable
SH inconsistencies with F# - .25.

iFIGURE 8b Same as Figure 18a except with F# = .30. 63

FIGURE 18c Same as Figure 18a except with F# = .35. 64

FIGURE 18d Same as Figure 18a except with F# = .40. 65

I FIGURE 18e Same as Figure 18a except with F# = .45. 66

E FIGURE 19a Joint P wave, SH polarity, and surface wave 67
inversion of NNZ event of 9/12/73. 0 allowable
SH inconsistencies and F# - .25.I

FIGURE 19b Same as Figure 19a except with F# = .30. 68

v
1
I vi.

I



I LIST OF TABLES

I PAGE

TABLE 1 List of Mururoa events used in this study 5

TABLE 2 List of possibly interfering events 8

TABLE 3 Data use matrix 12

TABLE 4 Rayleigh station corrections 13

TABLE 5 Source parameter results 15

TABLE 6 Moment, offset, and F# results 28

TABLE 7 MI-mb relations and mb site bias 32

TABLE 8 Magnitude-yield relations 34

TABLE 9 Mururoa yield estimates 35

TABLE 10 Novaya Zemlya events and their source 39
parameters

TABLE 11 List of SV amplitudes used for fitting event 50
9/12/73

TABLE 12 Constraints on 6 log (MI ) for 9/12/73 event 69

TABLE 13 Solutions using surface, P, and SH waves 70
(no inconsistencies)

TABLE 14 Constraints on 6 log (MI) using surface, P, 72
and SH waves (I inconsistency)

vii.



I

1.0 ABSTRACT

U
We applied a least-sauares moment tensor inversion technique to 10 presumed nuclear3l explosions from the French Polynesian test site at Mururoa. Our results indicate that tectonic

release typically is quite low (with F#'s ranging from .09 to .46) and makes little contribution
to event moment. Assuming an oblique thrust orientation for the tectonic release mechanism,
we find that the Smb between Mururoa and NTS is roughly .2 to .25 magnitude units. Finally,

we compared yield estimatcs generated from three different magnitude-yield relations and

found that they were reasonably close to one another and to the one known yield value.

We next used a search technique to jointly invert multiple types of data for six Northern
Novaya Zemlya presumed nuclear explosions to find the average tectonic release orientation

(strike, slip, and dip). P waveform, SH polarity, and surface wave data were used in the

inversion, but SV amplitude data had too much scatter to be included. We found that the

available data was insufficient to distinguish between a thrust and an oblique normal

orientation. We suggest that an improved distribution of stations recording SH polarities,

more accurate SV data, and/or geologic knowledge of the source region could provide enough

additional information to determine the orientation. The presence of multiple, substantially

d-,'ferent orientations that fit waveform, surface wave, and polarity dala suggests that more
effort needs to be made to systematically search the model space for alternative solutions in3 studies involving both isotropic and double couple sources.

I
3

I
3

I
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2.0 INTRODUCTION

In previous reports, we explored the use of long period surface wave moment tensor solutions

to correct explosion yield estimates for the effects of tectonic release. We examined long

period moment tensor results for the Nevada Test Site (NTS) and Shagan River test areas

(Given and Mellman, 1986 and 1986S) and used these results to derive MI-mb and Mi-yield

relationships. More recently we applied this method to events from the Novaya Zemlya test

area and examined the frequency dependence of moment tensor solutions for NTS, Shagan3 River, and Novaya Zemlya (Tucker et al., 1989). In the current report, we apply the long

period surface wave method to the French test site, Mururoa. This provides another test of

the portability of MI-yield relationships, as well as the applicability of path correction

procedures.

3 Earlier work on NTS, Shagan River, and Novaya Zemlya has suffered from the presence of

large outlier events, where the surface waves were either far too large or far too small for the

observed mb. It has been suggested that these outliers represent events whose tectonic release

orientations differ from those of the "average" events. In the second part of this report, we

use an error tolerant search method to determine the orientation of tectonic release based on

P waveform, SH polarity, SV amplitude, and surface wave joint inversion. Our goals in this

inversion are to unambiguously determine an "avcrage" tectonic release orientation, and to3 examine variations in tectonic release orientation from event to event. We applied this joint

inversion method to six Northern Novaya Zemlya events previously studied by Burger et al.

(1986) and Tucker et al, (1989).

I
U
3
I
U
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3.0 SURFACE WAVE MOMENT DETERMINATIONS FOR THE MURTJROA TEST SITE

3.1 Introduction

One of the challenges in explosion seismology is determining the yield of underground nuclear
explosions using seismic information. Since yield can not be measured directly from the

seismograms, the usual procedure is to develop a relationship between yield and magnitude
based on a set of reference events. Magnitudes for additional events can be measured and
used i-' the relation to estimate yields. Commonly used magnitudes include mb and M3. One
difficulty with the surface wave magnitude Ms is that it may be biased by the pTesence of

tectonic release which adds double couple energy to the isotropic energy of the explosion.
Moment tensor inversion is designed to reduce this bias by allowing the double couple

component to be isolated and removed.

The equations and procedures used in performing moment tensor inversion were described in
detail by Given and Mellman (1986). Briefly, this technique involves determining an
amplitude and polarity value for each long period seismogram after correcting for path
propagation effects such as attenuation, dispersion, and geometric spreading. The signed
amplitude values for many stations for many events are then inverted in an iterative,
least squares fashion to simultaneously determine a correction factor for each station and

three source parameters for each event. These source parameters, defined as combinations of

the moment tensor elements, can be combined with a tectonic release orientation to determine

the isotropic moment, MI. Using this technique, Given and Mellman (1986 and !986S) studied

events at Shagan River and NTS, while Tucker et al. (1989) studied events at Novaya Z mlya.
In the current report, we use moment tensor inversion to study events at Mururoa, the French

Polynesian test site in the Tuamotu Archipelago region (see Figure 1). This study focusez on

10 events that occurred between 1979 and 1984, were recorded by SRO stations, and range in

Lilwall magnitude from 5.2 to 5.7 (see Table 1). These same events were also studied by

Stevens and McLaughlin (1989), although they neglected tectonic release when computing

moment (M0 ). They found that the relation mb - .9 log(M 0 ) - 8.62 was appropriate for

Mururoa and suggested an mb bias of .2 with respect to NTS. As the current study finds that

tectonic release is a relatively minor factor at this site, it is not surprising that similar MI-mb

and mb bias results were obtained.
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DATE TIME LILWALL mb

07/25/79 17:56:59 5.74

03/23/80 19:36:59 5.49

06/16/80 18:26:59 5.20

07/19/80 23:46:59 5.54

12/03/80 17:32:59 5.39

04/19/83 18:52:58 5.49

05/25/83 17:30:58 5.68

05/12/84 17:30:58 5.41

11/02/84 20:44:59 5.42

12/06/84 17:28:59 5.43

TABLE 1: List of Mururoa events used in this study.
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3.2 Mururoa Data

I As clearly shown in Figure 1, the distance between Mururoa and the SRO stations is typically

greater than 650 so that it takes between 1/2 and I hour for the explosion signals to arrive
at the stations. This long travel time leaves ample time for the arrival of interfering signals

from earthquakes which have occurred later, but closer, than the explosion. This situation

occurs, for example, at stations ANMO, MAJO, and TATO for the Mururoa event of 4/19/83

which was followed less than 20 minutes later by a magnitude 5.1 earthquake near central
Alaska. The distance between ANMO and the Mururoa event is 7155 kin, while the distance3 between ANMO and the Alaskan event is only 4335 km. Assuming a velocity of 3.5 km/s,
the signal from the earthquake is expected to arrive less than six minutes after the signal
from the explosion. Although the ANMO data may be salvaged by windowing and filtering,

it is clear that the data at station TATO can not be recovered as the two signals are expected
to arrii e within two minutes of each other (see Figure 2). A list of potentially interfering

3 events is given in Table 2.

For unobstructed data, the first step in attempting to recover the size and orientation of the
tectonic release from the observed surface wave seismograms is to correct the radiation pattern

back to the source by removing path and propagation effects. Although the geometric
spreading and instrument corrections are quite straight forward to apply, the remaining

corrections for phase velocity, attenuation, and transmission differences between the source
and receiver regions are extremely sensitive to the path being traveled and must be defined

for every source-receiver pair. Stevens and McLaughlin (1989) have generated a number of

these path corrections for a variety of test sites and stations. Although path correction

information for Mururoa to 13 stations was provided by S-Cubed, data from only seven
stations were used for moment tensor analysis in the current study. Data from the remaining

stations were discarded as they did not appear to correct consistently enough to provide

reliable amplitude measurements. Once the data have been corrected for path effects, the
amplitude and phase spectra can be computed (see Figure 3). The scalar amplitude used in

the inversion is a weighted average of the spectral amplitude values and its sign (polarity) is
determined by the trend of the phase spectra. A trend towards 7r or -7r indicates normal

(negative) polarity, that expected from a pure explosion uncontaminated by tectonic release,
while a trend towards 0 indicates reversed (positive) polarity. None of the Mururoa data show

any reversed Rayleigh waves. In addition, no Love waves could be identified with certainty

(see Figure 4). These two observations suggest that the typical amount of iCtcitUni reiease at
Mururoa is low.
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MURUROR EVENT 04/19/83 AT . MnJO. TATO
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FIGURE 2:Long period vertical se'smograms from stations ANMO, MAJO,
* and TATO showing the effects of interference. A magnitude 5.1 earthquake

occurred near cen:ral Alaska roughly 20 minutes after the Mururoa event of
4/19/83. The expected arrivai times of the signais from ihese two events was
computed assuming a velocity of 3,5 km/s. The Mururoa signal is marked with
an "M", while the Alaskan signal is marked with an "A".
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DATE TIME mb LOCATION

07/25/79 17:45:10 XX Central Chile

03/23/80 19:27:56 4.9 Santa Cruz

03/23/80 20:09:03 4.7 Afghanistan-USSR

06/16/80 19:02:34 4.2 Mindanao

07/19/80 23:31:55 4.8 Celebes

07/20/80 00:23:32 4.9 Mexico-Guatemala

07/20/80 00:24:05 5.5 Mexico-Guatemala

04/19/83 19:12:49 5.1 Central Alaska

TABLE 2: List of possibly interfering cvents.

v
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The combination of relatively small event size, low tectonic release, and large event-station

distances severely limits both the quantity and quality of data that can be used in this study.
Table 3 lists the Rayleigh wave data actually used. Note that no Love wave information is
included.

3.3 Station Correction and Source Parameter Results

The signed amplitudes for many stations for many events are inverted in an iterative,
linearized, damped least-squares fashion to give values for both a correction factor, ai, for
each station and three source parameters, Sk, for each event. The station correction factors
are designed to compensate for magnitude variations between individual stations which are
typically attributed to site specific effects due to the geology under a station and to any

uncorrected propagation effects. Table 4 lists and Figure 5 shows the resulting station
corrections.

The resulting source parameters, listed in Table 5, were used to generate the theoretical
radiation pa.tern curves shown in Figure 6. Clearly, the fit between the observed and the

theoretical amplitudes is quite good. Most of the events show fairly low amounts of tectonic
release with the 5/12/84 event having the least and the 7/25/79 event having the most. Also,
the strike of the tectonic release appears to be roughly 2050 (assuming an oblique thrust
mechanism) for almost all of the events. The noticeably different orientations of events3m 5/12/84, 11/02/84, and 4/19/83 can be explained by the quality of the solutions for those
events. The 5/12/84 event contains so little tectonic release energy that the preferred strike
has no meaning, the 11/02/84 event solution is poorly constrained as it was determined fromUI only three pieces of data, and the 4/19/83 event solution is probably biased by energy from
the interfering Alaskan earthquake (see Figure 2) which was not completely removed from3 the ANMO seismogram. The isotropic moment, MI, depends on the source parameters, Sk, the
elastic structure near the source, and the mechanism (dip and slip) of the accompanying
tectonic release. The source parameters (shown in Table 5) were determined by inversion and

the elastic structure (a = 3.0 km/s and/3 = 1.7 km/s) was ta!,en from Stevens and McLaughlin

(1989). If independent geological information was available for Mururoa, it could be used31 to select the tectonic release orientation. Lacking this, the slip and dip can be treated as
regression coefficionts and varied until log(Mi) scales with explosion size independent of the3 amount of tectonic release. The body wave magnitude, rob, is assumed to provide a stable
measure of explosion size as ii zppars io be unaf f.ited by tectonic release and A'-I-#, U,cfi-nc%d,

as the double couple to isotropic moment ratio, is a measure of the amount of tectonic release.

I Thus, the preferred orientation is that which produces the least trend on a plot of "offset"
(.9*log(M1)-mb) vs F#. Although Figure 7 clearly indicates that the preferred tectonic release

I,
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* RALEIGH_ _ _ _

STATION EVENT DATE

072579 032380 061680 07198O0 120380 041983 052583 051284 110284 120684

IANMO -1 -1 -1 .1 -1 -1 -1 -1 -1 -1

3CTAO -1 -1 0 0 0 -1 -1 -1 0 -1

GUMO 0 -1 -1 -1 .1 -1 0 -1 -1 -1

3MAJO -1 -1 -1 -1 -1 0 0 -1 -1 -1

SNZO -1 -1 -1 -1 -1 -1 -1 0 0 -1

TATO 0 0 0 0 -1 0 -1 -1 0 -1

ZOBO -1 0 -1 .1 -1 -1 -1 0 0 0

3 TABLE 3: Data use matrix.
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MULTIPLICATIVE LOG3.1 SATO 11-Qti AIMU[TH CORRECTION CORRECTION

ANMO 29.34 1.361 0.134

ICTAO 255.91 1.353 0.131

GUMO 287.71 0.805 -0.094

MAJO 306.36 0.692 -0.1603SNZO 232.46 0.571 -0.243

TATO 290.45 1.067 0.028

3ZOBO 98.97 1.601 0.204

TABLE 4: Rayleigh station corrcioas.



aa

"'4 >oI

-0o

cc 0

(=''

0.0

c,,InI 0 .

(n C. 0. '

('40

LU -4 In-4

-~ 00

10

0 00C 0



* 15

DATE so2s

U07/25/79 5.470 2.620 -2.750

03/23/80 1.560 0.093 -0.374

106/16/80 1.170 0.108 -0.496

307/19/80 2.800 0.814 -1.140

12/03/80 2.040 0.463 -0.457

304/19/83 2.480 -0.687 -0.108

05/2 5/83 3.300 0.977 -0.872

305/121'84 2.540 -0.219 -0.098

11/02/84 2.130 0.281 0.000

312/06/84 2.750 -0.209 -0.872

5TABLE 5: Suurce Parameter Results
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I orientation is somewhere between oblique thrust (slip=300 ,dip=450 ) and strike slip

(slip=00 ,dip=900 ), this identification remains tentative because it is based on a very small

range of F#'s. The F#'s and isotropic moments, computed for both the oblique thrust and

strike slip mechanisms, are listed in Table 6. The correspondence between log(MI ) and Lilwall

mb can be seen directly in Figure 8, where MI has been computed assuming an oblique thrust

orientation. Although the fit line drawn on that plot was constrained to have a slope of .9 for

consistency with previous Shagan River and NTS results (Given and Mellman, 1986), the slope

of the best fitting unconstrained line was .86. The scatter in log(Mi) with respect to mb is
roughly .1. In previous work, Tucker et al. (1989) added another dimension to the moment

tensor inversion process by applying weighting functions with narrow frequency bands at 15

center frequencies to determine the salar amplitudes used in solving for the source

parameters. After removing an average frequency behavior, they found that at Shagan River

and at NTS there was no appreciable frequency difference with respect to "uffset"

(.9log(Mi)-mb) between events. The Novaya Zemlya events, however, show large frequency

differences, with substantial scatter at long periods. Examined in this manner, the Mururoa

events appear quite homogeneous and show no appreciable frequency differences between

events (see Figure 9). When the average frequency behaviors at each test site are compared,

the Mururoa events show a decrease in offset at higher periods, similar to Novaya Zemlya and
NTS (see Figure 10). The significance of these trends is unclear at the present time.

3.4 Yield Estimates

I For test sites where the yields of some underground nuclear explosions are known, estimating

the yields of other events may be accomplished by establishing magnitude-yield relationships

based on the known yields. Where no yield information is available, yield estimates are made

by "transporting" magnitude-yield relations from other test sites, with corrections for source

and path differences where appropriate. It is generally believed that Ms - (and therefore MI-)

yield relations show less variation from site to site than mb-yield relations. Thus, a constant
"site bias" term (Omb), developed using Ms or M, as calibration for mb may be introduced

when an mb-yield relation is transported to another area.

Table 7 lists MI-mb relationships for various test sites. Those for NTS and Shagan River were

developed by Given and Mellman (1986) while those for Mururoa are from this study. Since

all the listed relations have the same .9 slope, 6mb depends solcly on the constant. Taking

NTS as a reference, the 6mb at Mururoa ranges from .i9 to .27 depending on the ictionic

release orientation assumed. These bias values are almost identical to the .2-.3 range

determined by Stevens and McLaughlin (1989). Since there is little tectonic release at Mururoa
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STRIKE SLIP QBLIQUE THRUST

DATE Log(Mi) OFFSET F* Log(MI) OFFSET F#

07/25/79 15.930 8.597 0.446 16.092 8.743 0.465

03/23/80 15.385 8.357 0.159 15.450 8.415 0.207

06/16/80 15.251 8.534 0.279 15.368 8.631 0.329

07/19/80 15.63?3 8.536 0.321 15.761 8.645 0.367

12/03/80 15.502 8.562 0.205 15.584 8.635 0.257

C4/19/83 15.587 8.538 0.180 15.659 8.603 0.230

I 05/25/83 15.711 8.460 0.255 15.810 8.549 0.306

05/12/84 15.597 627 0.061 15.623 8.651 0.086

i 11/02/84 15.521 8.549 0.085 15.556 8.581 0.118

12/06/84 15.632 8.638 0.209 15.715 8.713 0.261

U TABLE 6: Moment, Offset, and F# Results.

I
I

I
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I

LOG(MI) VS MB

I 1:.01. W

I 15.90I is'uo *

I l1,.40--

I 15. 30.-

5.2

FIGURE 8: log(MI) vs mb for Mururoa events was computed assuming that
the tectonic release orientaton was an oblique thrust (dip45° , slip,,30°). The
equation of the fit line is mb =-.9 log(M I) - 8.62. The scatter is about 0.1.
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SITE MI -mb RELAT1ON SITE BIAS

Mlururoa (ss) I = .9 log(MI) - 8.54 .27

Mururoa (ot) mb = .9 log(MI) - 3.62 .19

IShagafi River mb = .9 Iog(M 1) - 8.48 .33

3All NTS mb = .9 log(M 1) - 8.81 .00

TABLE 7: MI-mb relations and mb site bias.
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and the major difference between the two studies is that M, explicitly accounts for tectonic
release, while M0 does not, it is not surprising that both M, and M0 give the same results.

Because a handful of yields are known for events at Mururoa, we can begin to test theU accuracy of various magnitude-yield relations (and the validity of transporting them across

test sites). Table 8 shows some magnitude-yield relations. The Mi-yield relation was developed

by Given and Mellman (1986S) based on data from NTS. One mb-yield relation was developed

by Murphy and O'Donnell (1987S) based on five older Mururoa events for which they had both

yield values and mb values available. Unfortunately, the mb values they used were those

given by Alewine rather than those given by Lilwall. So, we modified their relation by

including a constant which represents the average difference between the Alewine and Lilwall

mb's for the four events for which both mb values were available. Another mb-yield relation,

listed by Given and Mellman (1986S) and based on data from NTS, was "transported" to

Mururoa by including the oblique thrust 6 mb value of .19. Using the Mi-yield relation, the

modified mb-yield relation, and the transported mb-yield relation with the appropriate

magnitude values, we computed three different sets of yield estimates for the Mururoa events.3 These estimates are shown in Table 9. Although all three sets of yield estimates are quite

similar, the estimates computed from both the MI and the transported mb relations are

consistently smaller than those computed from the modified mb relation. The only yield value

known for these events falls between the various estimates.

3.5 Conclusions

After being corrected for receiver and propagation effects, the amplitudes and polarities of
Rayleigh waves from 10 Mururoa presumed nuclear explosions were inverted for station

corrections and source parameters. Before the isotropic moment can be uniquely determined,

the orientation of the tectonic release must be assumed. The choice of this orientation was

guided by the criterion that the quantity .9log(Mi)-m b should be invariant with respect to F#,

a measure of the relative amount of tectonic release. Tectonic release for the Mururoa events

appears to be between oblique thrust and strike slip. Among the Mururoa events, there appears

to bc some range in the amount of tectonic release as their F#'s vary from .09 for the event

of 5/12/84 to .46 for the event of 7/25/79. The range of F#'s for the Mururoa events is less

than a quarter of the range found by Given and Mellman (1986) for events from Shagan River.

Although this does not rule out the possibility that tectonic release might be extremely large

for some future Mururoa event, it does suggest that typically, tectonic release is not as big a

factor at Mururoa as it is at Shagan River. By comparing various MI-mb relations, we find

that the 6mb sitO bias between Mururoa and NTS is roughly .2 to .25 magnitude units. This

result is similar to that found by Stevens and McLaughlin (1989) with M0. Finally, we
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RELATION REFERENCE

Log(Y) = 1.0log(Mi) - 14.07 Given & Mellman 1986S

Log(Y) = 1.0 mb - 3.88 Murphy & O'Donnell 1987S

Log(Y) = 1.0 mb - 3.71 modified for Lilwall mb

Log(Y) = 1. 11 mb - 4.22 Given & Mellman 1986S (NTS)

Log(Y) = 1.11 mb - 4.43 transported to Mururoa

TABLE 8: Magnitude-yield relations

I
I
I



35

3DATE MODIFIED mt. log(M1 ) TRANSPORTED mb

07/25/79 2.03 2.02 1.95

I03/23/80 1.78 1.38 1.67

306/16/80 1.49 1.30 1.35

07/19/80 1.83 1.69 1.73

312/03/80 1.68 1.51 1.56

04/19/83 1.78 1.59 1.67

305/25/83 1.97 1.74 1.88

05/12/84 1.70 1.55 1.58

311/02/84 1.71 1.49 1.59

112/06/84 1.72 1.65 1.60

TAB3LE 9: Mururoa yield estimates
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generated thrce sets of yield estimates for the Muruioa events using various magnitude-yield
relations. All three scts of estimates were reasonably close to each other.

I

I

!
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4.0 JOINT INVERSION OF SURFACE WAVE AND BODY WAVE DATA

4.1 Introduction

Long period surface waves are capabic of constraining only three of the six possible degrees

of freedom in the seismic moment tensor. The unconstrained degrees of freedom have a

significant effect on the corrections for tectonic release that are made to explosion moment.

To date, the orientation of the tectonic components has been inferred from either earthquake

data, body wave data, or F# vs offset (Given and Mellman, 1986). In order to establish the

orientation of tectonic release directly from explosion data, information from multiple data

types must be used.

At first glance, moment tensor inversion appears perfectly suited to use multiple data types

simultaneously. Problems quickly arise, however, because of the degree to which the solution

depends on amplitude normalization of the differing data types. Joint moment tensor

inversion of body and surface waves, for example, is critically dependent on absolute

attenuation of the body waves and, to a lesser degree, on surface wave path corrections and

body wave receiver corrections. Despite much work, there is still considerable uncertainty

in all of these corrcctions, at least in an absolute sense. It is therefore desirable to base an

inversion on quantities which are independent of absolute moment and which do not make

critical assumptions about body or surface wave Q. These quantities include the relative

amplitudes of certain body phases, the polarity of SH waves, the relative radiation patterns

between events, and the relative size of surface wave source parameters.

For a general mcment tensor solution, there are six degrees of freedom. By working with

normalized seismograms, we can reduce this to five degrees of freedom. If we restrict the

sources to those consisting of an explosion plus a single double couple, we need only consider

a family of solutions containing four mod\l parameters; three specifying fault orientation and

one specifying the relative amount of explosion to tectonic release moment (F#). Since only

a few (4 or 5) model parameters are unknown, optimal models can be determined by an

exhaustive search of the model parameter space, rather than using gradient methods to find

a single optimal solution. This search methodology, similar to that used by McLaughlin ct al.

(1983) in examining constraints on double couple solutions by relative body wave phase

amplitude data, allows multiple solutions to be determined easily and allows inequality

condifions on Elie data iit to be incorporated.

In this report, we examine the constraints that may be placed on a tectonic release mechanism
by the addition of SH polarity data, relative P, pP, and sP amplitude data, and SV amplitude

data to long period surface wave data. We studied the set of six Northern Novaya Zemlya
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I explosions listed in Table 10. As these events have been studied previously (Burger et al., 1986

and Tucker et al., 1989), some intermediary or processed results were available. We have

chosen to use this processed data in our inversion, rather than return to the original

seismograms, so that we can concentrate on extending the results of the previous studies rather

than merely repeating their efforts. If we had chosen to perform our inversion using the

waveforms directly, it would have been necessary to establish the permissible error for

normalized waveforms. As always in waveform matching studies, significant uncertainty is

introduced by the choices made for t* and for the time functions used for the explosion and

the tectonic release.

4.2 Data

1 4.2.1 Surface Waves

S'The surface wave data we used in the moment tensor inversion consist of the three surface
wave source parameters So, S, and S2 determined for each event by Tucker et al. (1989). In

order to remove the effect of absolute moment, we work with a ratio of quadrapole to total

surface wave energy for each event. Thus, we define

(1) ds(
(s S 2  + $, 2 + S 2

(2) d S2  = arc tan S

dsi is a measure somewhat similar to F#, but is independent of tectonic release orientation.

dS2 is a measure of the orientation of the observed quadrapole radiation. A source model,

consisting of an F#/orientation pair, is said to fit the data if the predicted values of ds5 and

dS2 are within some tolerance of the observed values. In general we have used a tolerance of

.1 on ds5 and 100 on d s. These tolerances are consistent with formal error estimates from the

inversion studies of Given and Mellman (1986S).

4.2.2 SH Polarity

The SH polarity data we used has been taken from Burger ct al. (1986) who determined it by

observing the first break direction and by matching waveforms for a total of 10 stations. A
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I
I
I

DATE MARSHALL mb SO S1 S2

I
10/14/70 6.77 48.90 -1.24 18.00

I 09/27/71 6.63 75.20 -3.83 21.30

3 09/28/72 6.46 43.60 -0.63 8.93

3 09/12/73 6.96 136.00 1.54 52.20

08/29/74 6.54 48.70 0.21 7.89

08/23/75 6.55 31.50 -2.41 9.40

TABLE 10: Novaya Zemlya events and their source parameters.
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U model is said to fit the SH polarity data if the number of incorrectly predicted SH polarities

is less than n, where we used values of n = 0, 1, 2. SH polarity information is by far the most

I robust of the auxiliary data types used, and provides the most reliable constraints on the

tectonic release mechanism. Note, however, that SH waves are of limited use when non-double

couple mechanisms are considered, as neither moment tensor solutions Mxx = Myy = nor

Mzz = 1 excite SH waves. Tradeoffs between these two solutions provide a major ambiguity.

4.2.3 Relative P Amplitudes

I Relative amplitudes of the short period body wave phases P, pP, and sP have been used for

some time to constrain double couple mechanisms. Burdick and Mellman (1976) did waveform3 inversions based on these relative amplitudes. Pearce (1977) used the ratios of these

amplitudes to constrain focal mechanisms. McLaughlin et al. (1983) extended Pearce's work

to use as constraints the upper bounds on amptitude ratios rather than the ratios themselves.

In the present work, we define the observed amplitude ratios for each station:

3 (3) dp 1 = App /Ap

3 (4) dp2 = Asp /Ap

These observed ratios are derived from the Burger et al. (1986) body wave solutions which

were determined from waveform fitting at five stations. We take the P, pP, and sP amplitudes

to represent a combined explosion and tectonic release amplitude, and require that prospective

solutions fit all dp and dp2 to within ±.2. These are fairly generous bounds which produce

noticeable waveform changes.

I As it has often been noted that pP amplitudes for explosions are appreciably smaller than those

predicted by linear elasticity, we have experimented in this inversion with pP/P ratios of .5

Sto .9. While varying this ratio does allow some shift in permissible orientations, it allows

relatively little change in the number of permissible solutions given the body wave data

* constraints.

4.2.4 SV Waves

Although variations in shear wave attenuation and the presence of shear-coupled PL and other

near surface conversions make them extremely difficult to use, SV waves are a potentially

powerful constraint on tectonic release orientation. For the SV wave information to be useful

I
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in a practical sense, a strong correlation must exist between the theoretical and measured3 radiation patterns.

The theoretical radiation patterns of the P and SV phases can be written as five term
polynomials in trigonometric "powers" of the station azimuth, 0: sin(2e), cos(20), sin(e),

cos(e), I. The coefficient for each term is a complex function of the orientation (strike, slip,

and dip) of the double couple source (Aki and Richards, 1980). Although the explosion source
itself produces only P waves, a large P to S conversion coefficient allows the explosion to
contribute significant amounts of SV energy. Fortunately, the P and SV radiation patterns

expected from the explosion are isotropic. Thus, the observed radiation patterns are expected
to be generally sinusoidal with an enhanced constant term.

To measure the actual radiation patterns for the Novaya Zemlya events of interest, we started
with long period body wave data from roughly 60 World Wide Standard Seismic Network

(WWSSN) stations and equalized 'hem to a distance of 500 by applying the geometrical
spreading correction described by Kanamori and Stewart (1976). We then measured the
peak-to-veak time domain amplitudes for both the P, and SV phases. These are plotted in
Figure 11, where it becomes immediately apparent that the expected patterns are completely
obscured b the extreme scatter in the observed amplitudes. We must somehow greatly reduce

this scatter before we can hope to use the SV phase to constrain the tectonic release
orientation.

4.2.4.1 SV/P Ratio

We first tried to reduce the scatter by working with the ratio of the SV to P amplitudes rather
than with the individual amplitudes. This ratio process should reduce the influence of some
common path and instrument effects. Unfortunately, the improvement may be rather minimal
because differences in the P and S attenuation and velocity remain. However, the ratio
process albo implements a necessary step in determining the tectonic release orientation by
removing the explosion contribution. Because explosion sources are much more efficient
generators of P wave energy than double couple sources and because the size of the tectonic

release at Novaya Zemlya is small compared to the size of the explosions, the double couple
contribution to the observed P amplitude can be ignored. So, upon taking the SV to P ratio,
the explosion contribution to the isotropic component of the SV amplitude is reduced to a
constant (representing the conversion coefficient) that is the same for all events and which
can be stbtracted, leaving only the double couple component. Figure 12 shows the amplitude

ratio results. Again, the data show severe scatter and no appa;ent sinusoidal pattern.
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FIGURE 1 Ia: Original body wave amplitudes f o? five Novaya Zemlya events
plotted in polar coordinates. Azimuth is measured clockwise froiv North at theI top and amplitude is proportional to distance from the center. The amplitude
of the circle edge is shown on the right and applics to all three circles on a row.
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FIGURE 12: SV to P amplitude ratios for five Novaya Zcmlya events plotted
in both polar and rectangular coordinates.
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4.2.4.2 Station Corrections

I We next tried to reduce the scatter by computing and applying station corrections. The need

for station corrections is clearly shown in Figure 11 by the behavior of station COP at an

azimuth 2460 (for the events of 9/27/71, 8/28/72, and 8/23/75). It is roughly five to ten
times larger than stations within a few degrees to either side of it. It can also be seen by
considering the neighboring stations QUE, SHI, NAI, and EIL located at azimuths of 1650,
1830, 1990, and 2050. For the event of 9/12/73, these stations had respective SV amplitudes
of 1213, 3437, 887, and 2941 (Burger et al., 1986). Although the presence of a node could

explain a large change in amplitude between two stations, it can not explain such extreme
alternating amplitude bebavior for stations within 400 of each other.

I The station corrections shown in Figure 13 were computed by performing a least squares

inversion which simultaneously solved for the event magnitudes. We started with the equation:

(5) log(Pij) = Mj + Ci

where Pij is the observed amplitude at station i for event j, M is an unknown magnitude for

event j, and Ci is the station correction for station i. From this we constructed the standard

matrix equation

(6) Ax = b

where vector b contains the log(Pij), vector x contains the Mj and CV and matrix A is

relatively sparse as each row is all zeros except for two ones which select the appropriate event

and station.

The drawback to this method is that the resulting station corrections tend to contain not only
the desired adjustment for station specific amplitude effects, but also a sinusoidal pattern due

to the average tectonic release. However, when the corrections in Figure 13 are inspected,
no sinusoidal pattern is apparent which suggests that the average tectonic release is small. A

small average could result either from all the events having low tectonic release (as predicted

by the surface wave results) or from a fortuitous cancellation of large tectonic release which
varies from event to event. These two possibilities can be distinguished by examining the
_.adit..--..._ pa t . ...... rs lft afc thc^ stati;^. ..^ ,.+:. o n. ,-, nnl;A TCth '., t'o,t~nn~r

release is truly small, no large residual sinusoidal pattern will be apparent. This is the case

shown in Figure 14. Note that, in comparison to the original radiation patterns shown in

Figure 11, the scatter has been greatly reduced. Unfortunately, however, there is still enough
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STATION CORRECTIONS VS AZIMUTH
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3 scatter to prevent definite identification of the small sinusoidal patterns expected to be
present, thereby preventing the determination of the tectonic release orientation.

1 4.2.4.3 Statistical Fit Critcrion

3 Up to this point, we have been judging the amplitude results on the basis of whether or not
a sinusoidal pattern was easily visible. We now wish to employ a more formal criterion with
which to judge the results. To this end, we define the misfit or fit error between the data

points and a fit line as:

2
( (X pt -Xcrv)II (7) Err=

where Xpt is the observed point, Xcrv is the corresponding point on the curve, and N is the

3 total number of points.

We considered the Northern Novaya Zemlya event of 9/12/73 since it is the largest event and5 was focused on by Burger et al. (1986). To remain more consistent with that earlier work, we

used SV amplitudes measured from their Figure 9. These amplitudes are listed in our

3 Table 11.

We first solved, in a least squares fashion, for the best fitting curve having the five term

I form described above. The resulting equation is:

(8) A = - 500.051 sin(2e) + 224.057 cos(20) - 69.842 sin(e) - 496.310 cos(e) + 1658.243

For comparison, we also computed the average of the data points:

(9) A = 1745.575

Both of these fit curves are shown in Figure 15, along with an approximation of the curve
presented by Burger et al. (1986). For the five term curve, the fit error is 749 and, for the

simple average curve, the fit error is Horevc, this direct comparison :A: n--- as

it is not corrected for degrees of freedom. Although the absolute number of degrees of
freedom present is somewhat uncertain, because we can not quantify the extent to which
neighboring stations arc influenced by similar geological conditions (and, therefore, are not
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3 AZIMUTH AMPLITUDE AZIMUTH AMPLITUDE

0.000 773.000 255.000 955.000

5.000 977.000 264.000 1318.000

3 15.000 1523.000 268.000 1886.000

84.000 1795.000 304.000 2068.000

3 87.000 1727.000 319.000 1977.000

109.000 1750.000 319.000 1386.000

3 131.000 1023.000 323.000 1250.000

136.000 3273.000 327.000 3159.000

3 153.000 2909.000 329.000 1705.000

163.000 1364.000 333.000 1682.000

165.000 1227.000 337.000 2182.000

3 173.000 3909.000 339.000 1364.000

183.000 3636.000 340.000 2727.000

3 199.000 909.000 344.000 2727.000

205.000 2955.000 345.000 2045.000

3 220.000 2386.000 351.000 733.000

236.000 636.000 353.000 1000.000

3 245.000 1273.000 355.000 1409.000

249.000 955.000 357.000 1250.000

1 252.000 1455.000 358.000 545.000

'V nT~ZL I. 1~ 1: 1 4 1AlI UU. -* U '. lU t t1C A 1 C-- ' r '&*:I
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N independent), the five term curve clearly has four degrees of freedom less (and four free

parameters more) than the average curve. To compensate for this difference we replace the

N-I term in the denominator of the misfit error computation with the term N-n-I where n is

the number of free parameters defining the curve (Gerald, 1978). Applying this modification,3 the fit error is 802 for the five term curve and 863 for the average curve.

Although the error foi the fivc term curve is still smaller than the error for the average curve,

it is not much smaller. In order to determine whether or not this difference in errors is

meaningful, we apply an F-tcst for the equality of variances (Gulezian, 1979). First, we make3the hypothesis (HO) tha: the true (population) variances are equal and that difference between

the measured (sample) variances of the two fits is the result of a limited number of data

points. Then we compute F, the ratio of the squared variances, and compare it with the value

listed in one of the standard F-distribution tables. Assuming 35 and 39 degrees of freedom
and working at the 5% significance level, we find a listed value of approximately 1.7. As this

Sis greater than our computed value of 1.16, we can accept hypothesis HO with 95% confidence.

In other words, the five term curve does not provide a significantly better fit than the simple3 average curve. So, the formal, statistical results support our earlier visual judgements.

4.3 Joint Inversion Results

Our failure to find a reliable method for reducing scatter in SV amplitudes leaves us with

surface wave, SH polarity, and relative P phase amplitude data. We apply our inversion

methods to each of these data types successively to study the additional constraints imposed

by each data type. We restrict ourselves to isotropic plus double couple solutions, as the data
types available can not resolve a completely general moment tensor due to tradeoffs between
the (Mxx + Myy) and Mzz moment tensor elements.

We first consider the Novaya Zemlya event of 9/12/73. Our trial solutions use a 150 increment

in strike, a 100 increment in dip, a 100 increment in slip, and a .05 increment in F#. Using

a tolerance in ds of ± .1 and ds2 of 100 , we find 2,832 possible solutions that fit the surface

wave data within specified tolerance. These solutions span the complete space of slip angles

* from pure thrust to pure normal.

Using the SH polarities alone, we find 19,744 solutions that honor at least 8 of the 10
polarities, 272 of these honor all 10 polarities. Requiring the solutions xo fit both the surface

wave data and the SH polarity data (at the 8/10 level), we find 431 acceptable solutions.

These arc illustrated in Figure 16. Each figure represents one choice of F#. The axes indicate

slip and dip angle, while strike is represented by the direction of the small line segment. For
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m brevity, we show plots of F#'s at .1 increments starting at F# = .25. Note the migration of

solutions with increasing F#. This is caused by the decrease of efficiency of quadrapole

radiation for dip angles near 00 or 900 and for slip angles near ±900. Only 4 of the solutions

which fit both the surface wave data and the SH polarities actually honor all 10 SH polarities.

These solutions are shown in Figure 17. Note that, despite the extremely small number of

solutions, both oblique normal and pure thrust mechanisms are represented.

I Adding the further requirement that solutions must fit the P wave data (pP/P and sP/P to a

tolerance of .1) as well as the surface wave data and the SH polarities (at the 8/10 level), we

find 38 possible solutions. These are shown in Figure 18. Although adding the P wave

constraints significantly reduces the number of thrust solutions (down to 2), those solutions

are not totally eliminated. Of the 38 solutions which fit all three types of data, there is only

a single orientation which actually honors all 10 SH polarities. This solution, corresponding

to a dip of 700 and a slip angle of -200, with F#'s of .25 and .30, is shown in Figure 19. With

this orientation, tectonic release would have the effect of very slightly increasing the size of

observed surface waves. Hence, MS would produce a slight overestimate of explosion yield

* due to tectonic release effects.

Using the orientation from the joint inversion solutions and the surface wave source

parameters (SO, S1, and S2) from Tucker et al. (1989), we can compute the moment (MI) for this

event. The equation for moment, taken from Given and Mellman (1986) isU
2  3 C 2  1/2

(10) MI - - SO + -- 1 2 sin sin 26 1/2 (SI2+S22)
2P 2 4p32 sin 2  sin2 26 + 4 cos2  sin2 6

1 where at is the P wave velocity, /3 is the S wave velocity, Xis the slip, and 6 is the dip. The

range of log moments determined using the various types of data are shown in Table 12,

referenced to a strike slip solution. From this table, we can see that the existence of

acceptable oblique normal and thrust solutions for the surface wave and SH cases leads to a

large range of possible M, values for each event. Only when all P phase and SH polarity

constraints are met do we reject the thrust solution and place meaningful constraints on M i.

We applied the joint inversion method to the Northern Novaya Zemlya presumed undergroundU xplOsIOnls siu nI T x a i 10 . TuaC si.,, ti c .. r on zu, p P lD a d D ,at J. .2, t ... th

probable reliability of these amplitude ratios and required all SH polarit'.-s to f:t. The

allowable solutions are summarized in Table 13. Note that for four of six events both thrust

(6=70 0 ,X=900 ) and oblique normal (about 6=600 ,X=-30') solutions are permitted. For one

event, only thrust solutions are permitted, while for another, no solutions exist.
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DATA USED MAX MIN

Surface wave only .21 -.44

Surface wave + SH .21 -.30
2 inconsistcnc;i.s

Surface wave + SH .21 -.04
0 inconsistencies

Surface wave + P + SH .21 -. 12
2 inconsistencies

Surface wave + P + SH -.04 -.04

0 inconsistencies

TABLE 12: Constraints on 6 log MI for 9/12/73 event.
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Event Data Strike Slip Dip 6 log M I  mb -.75logM I

10/14/70 345 -30 60 -.09 5.22

45 90 20 .20 5.44

225 90 70 .20 5.44

9/27/71 No Solutions Found

9/28/72 345 -30 60 -.09 5.03

45 90 20 .13 5.19

225 90 70 .13 5.19

225 80 80 .12 5.18

9/12/73 345 -30 60 -.09 5.10

345 -20 60 -.05 5.14

30 RO 20 .21 5.40

45 90 20 .21 5.40

225 90 70 .21 5.40

8/29/74 345 -30 60 -.02 5.08

30 80 20 .10 5.20

45 90 20 .11 5.21

225 90 70 .11 5.21

8/29/74 45 90 20 .17 5.42

225 90 70 .17 5.42

TABLE 13: Solutions using surface, P, and SH waves (no inconsistencies)
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I
We repeated these inversions allowing one inconsistent SH polarity. The number of acceptable

solutions increased dramatically, to about 80 per event. These solutions included both thrust
and oblique normal mechanisms. Table 14 summarizes tLe constraints on log moment that can

* be inferred from these results.

* 4.4 Conclusions

The inclusion of P waveform and SH polarity data with surface wave data in a joint inversion

yields multiple acceptable orientations when reasonable error bounds are used. For the six

Northern Novaya Zemlya events studied in this repcrt, it does not appear possible to

distinguish between a thrust and an oblique normal orientation for tectonic release given the

data available. The presence of multiple solutions does not appear to be a theoretical problem,
but rather is caused by limitations imposed by data noise, modeling uncertainties and station

distribution. Improved distribution of stations recording SH polarities, especially relatively
close-in stations, may well resolve these ambiguities.

The ambiguity in orientation might theoretically be resolved through the use of P or SV wave

amplitude data. Unfortunately, the high noise level in the SV amplitude data ruled out use

of these data in the present study. Potentially more promising is the use of geologic data to
determine the probable strike direction of the tectonic release component. Since the thrust and

oblique normal mechanisms have strikes that differ by more than 450, it may be possible to

distinguish between these mechanisms based on the general tectonic fabric of the source
region. This study was not successful in explaining anomalous Ml(f) behavior in terms of

orientation changes. All events seem to share the same two basic possible solutions. Although
a change between these two solution types could explain large MI-mb discrepancies, it seems
extremely unlikely. There is far too much coincidence in changing between mechanisms that

produce virtually identical SH radiation patterns for that scenario to be credible.

I The presence of multiple, substantially different orientations that fit waveform, surface
wave, and polarity data is rather disconcerting. It suggests that more effort than has generally

* been done in the past needs to be made to systematically search the model space for alternative

solutions in studies involving both isotropic and double couple sources.I
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EVENT DATE 6 log MI mb-.75logM1

310/14/70 -.17 to .20 5.16 to 5.44

09/27/71 -.23 to .17 4.88 to 5.18

I09/28/72 -.10 to .13 4.97 to 5.15

09/12/73 -.17 to .21 5.06 to 5.35

08/29/74 -.13 to .11 5.00 to 5.18
08/23/75 -.20 to .17 5.10 to 5.38

TABLE 14: Constraints on 6 log M, using surface, P, and Sf1 waves (I inconsistency)
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